Abstract. Recent observations suggest that vasoactive peptides angiotensin II (Ang II) and endothelin-1 (ET-1) regulate ovarian functions. The aim of this study was to investigate mRNA expression by semi-quantitative RT-PCR for the members of the angiotensin system such as angiotensin converting enzyme (ACE), angiotensin type 1 and 2 receptors (AT1R and AT2R), and also for the members of the endothelin system such as ET-1, endothelin converting enzyme-1 (ECE-1), endothelin A and B receptors (ETR-A and ETR-B) in theca interna (TI) and granulosa cell (GC) compartments of bovine follicles during final follicular growth. A classification of follicles into five groups (<0.5; >0.5-5; >5-20; >20-180; >180 ng/ml) was performed according to the estradiol-17β (E) content of follicular fluid. For the angiotensin system, the mRNA expression of ACE in TI significantly increased with E content in preovulatory follicles. In contrast, the GC of follicles did not express ACE mRNA. The mRNA expression of AT1R and AT2R in TI and GC was consistently detected throughout the different follicular stages. For the endothelin system, mRNA expression of ECE-1 in TI and GC increased during final growth of follicles. The mRNA expression of ET-1 in TI decreased in large follicles, whereas in GC it was completely negative at all stages of the follicle. In TI, mRNA expression of both ETR-A and B was constant, while in GC the expression of ETR-A mRNA increased with follicular E content. In conclusion, it is clear from our results that distinct regulatory changes of mRNA expression for some members of the angiotensin and endothelin systems occur in mature follicles. Particularly, a significant increase in the mRNA expression of both ACE and ECE toward the final maturation of follicles suggests the possible modulatory roles of Ang II and ET-1 in supplying the optimal microenvironment of ovulatory follicles.
factors such as steroid hormones, peptides and growth factors have essential modulatory roles in follicular development [3] .
It is known that the local angiotensin and endothelin systems play important physiological roles in the female reproductive system in several mammals. The high local concentrations of these vasoactive peptides, the presence of their specific receptors in the different ovarian compartments and the cyclic variation in their ovarian activities in the course of the estrous cycle demonstrate that these vasoactive peptides play important roles in ovarian physiology [4] [5] [6] [7] [8] [9] [10] [11] . Severa l lines of evidence indicate that angiotensin II (Ang II) and en do t h elin -1 (E T -1 ) r eg ulat e rep ro d uc t iv e phenomena such as oocyte maturation, ovulation and corpus luteum function [12] [13] [14] [15] [16] [17] [18] . Moreover, Ang II and ET-1 have been shown to modify the synthesis and secretion of hormones produced in ovarian follicular cells in an autocrine and/or paracrine manner [19] [20] [21] [22] . We recently found that a local infusion of Ang II, ET-1, or atrial natriuretic peptide (ANP) using a microdialysis system implanted in the theca layer of bovine mature follicles enhanced the secretion of prostaglandins (PG s) in v itro [6] . T he sam e s tud y furth er demonstrated the presence of a functional Ang-ET-ANP system in bovine preovulatory follicles that ensures both estradiol (E) and PG production. However, there is no information available so far on the local mRNA expression of angiotensin and endothelin system members in bovine follicles during the different stages of follicular growth. Therefore, the objective of this study was to d eter m ine t he c hang ing pro files o f m R NA expression for members of the angiotensin system such as angiotensin converting enzyme (ACE) and angiotensin type 1 and 2 receptors (AT1R and AT2R), and for members of the endothelin system such as ET-1, endothelin converting enzyme-1 (ECE-1), and endothelin A and B receptors (ETR-A and ETR-B) in theca interna (TI) and granulosa cell (GC) compartments of bovine ovarian antral follicles during final follicular growth.
Materials and methods

Collection of follicles and preparation
E n t ir e r e pr o d uc t iv e t ra ct s fr o m G e rm a n F l e c k v i e h c o w s w e r e c o l l e c t e d a t a l o c a l slaughterhouse within 10-20 min after slaughter and were transported on ice to the laboratory. The stag e of the e str ou s c y c le w a s d e fi ne d b y macroscopic observation of the ovaries (color, consistency, corpus luteum stage, number and size of follicles) and the uterus (color, consistency and mucus) [23] . Only follicles which appeared healthy (i.e. well vascularized and having a transparent follicular wall) and whose diameter were >5 mm were used. Large follicles (>14 mm) were collected only after corpus luteum (CL) regression, with signs of mucus production in the uterus and cervix and were assumed to be preovulatory.
For RNA extraction the follicles were dissected from the ovary. The surrounding tissue (theca externa) was removed with forceps under a stereomicroscope. After aspiration of follicular fluid (FF), the follicles were bisected and their inside wall was gently scraped and flushed with Ringer's solution (Fresenius, Wendel, Germany) to remove GC. The GC in the FF as well as in the flushing solution were centrifuged at 2100 rpm for 10 min at 4 C. The TI tissue and GC pellet were snap frozen in liquid nitrogen and stored at -80 C until RNA isolation. The FF was stored at -20 C until determination of progesterone (P) and E.
Follicle classification
The follicles were classified according to the E content in FF as follows; 1) <0.5; 2) >0.5-5; 3) >5-20; 4 ) > 2 0 -1 8 0 a n d 5 > 1 8 0 n g / m l F F . T h e corresponding sizes of follicles were in the range of 1) 5-7 mm; 2) 8-10 mm; 3) 10-13 mm; 4) 12-14 mm; 5) >14 mm. Since healthy follicles have relatively constant P levels in FF, only follicles with P below 100 ng/ml FF were used for the evaluation, to e x c l u d e a t r e t i c f o l l i c l e s .
F o r f u r t h e r characterization of the follicle classes, mRNA ex p re s s i o n w as d et e r m in ed fo r FSH R a nd aromatase cytochrome P450 (ARO) in GC, and LHR in TI and GC [24] .
Hormone determinations
Concentrations of P and E were determined directly in FF with enzyme immunoassays using the second antibody technique [24] . We used as enzyme solution P-6β-hydroxy-hemisuccinatehorseradish peroxidase (HRP) or E-6-carboxymethyl-oxim-HRP. Each polyclonal antibody was raised in a rabbit a ga inst pro gest ero ne-7 α -carboxyethylthioether-BSA for P, or against 17β-E-6-carboxymethyloxime-BSA for E. The effective dose for 50% inhibition (ED50) of the assay was 6 ng/ml for P and 3.5 pg/ml for E. The FF was diluted accordingly with assay buffer. The intraassay variations were 4-5% (P) and 6-7% (E) and the inter-assay variations 8-9% (P) and 9-10% (E), respectively.
RNA Isolation
Total RNA from corpora lutea, theca interna tissue and granulosa cells were isolated by the single step method [25] using TRIzol reagent (Gibco BRL, MD, U.S.A.). RNA was dissolved in water and spectroscopically quantified at 260 nm. Aliquots were subjected to 1% denaturing agarose gel electrophoresis and ethidium bromide staining to verify the quantity and quality of RNA.
Semiquantitative Reverse Transcription Polymerase Chain Reaction (RT-PCR)
Two micrograms of total RNA were used to generate single-strand cDNA in a 60 µl reaction mixture as described previously [24] . The optimal amount of total RNA of specific genes for reverse transcription was evaluated by testing different RNA concentrations. The primers were designed us ing t he E MBL da ta ba se, or w ere used as d e s c r i b e d e l s e w h e r e ( T a b l e 1 ) a n d w e r e commercially synthesized (Amersham-Pharmacia, Freiburg, Germany). All primer pairs were designed according to known bovine sequences ( T a b l e 1 ) . T h e c o n d i t i o n s f o r e n z y m at i c amplification (RT-PCR) for all examined genes in all examined tissues were established on a gradient cycler (Eppendorf, Hamburg, Germany). For each set of primers, the reaction was optimised for the amount of primers, cDNA, and the number of cycles. The PCR for all examined factors contained 10 mM Tris-HCl (pH 8.8), 50 mM KCl, 1.5 mM MgCl2, 0.1% Triton X-100, 0.6 µM of each primer an d 0. 5 u ni t s o f t h er m o s t a bl e p o l ym e r as e PrimeZyme (Biometra, Gottingen, Germany) added to 3 µl cDNA (final volume 25 µl). Ubiquitin PCR was performed under the same conditions, but a higher concentration of primer (1.0 µM) was used. The number of amplification cycles ( Fig. 2 and Fig.  4 ) was individually optimised for each examined factor. All amplifications were done as follows: an initial denaturation step at 94 C for 2 min, followed by cycles of 94 C for 45 sec and 60 C (ACE and AT2R, 64 C) for 45 sec, with a final extension at 72 C for 2 min. Samples for the house-keeping gene ubiquitin were amplified by 22 cycles: a single denaturation step at 94 C for 2 min, followed by cycles of 94 C for 45 sec, 55 C for 45 sec and 72 C for 45 sec, with a final extension at 72 C for 2 min. 365 [18] 324 [6] 335 [6] 395 Z35306 333 S37093
296 [6] 189 [6] 329 [6] To determine the optimal quantity of reverse transcript needed for PCR and to verify that the cDNA product was dependent on the input of the transcript, varying quantities of transcript were used in the PCR reaction. The RT-PCR product from 3 µl cDNA was in the linear range for these amounts and produced a visible band. To exclude any contaminating genomic DNA, all experiments included controls lacking the RT enzyme. As a negative control water was used instead of RNA for the RT-PCR to exclude any contamination from buffers and tubes.
Aliquots of the PCR reaction products (5 µl) were fractionated by electrophoresis through a 1.5% agarose gel containing ethidium bromide in a constant 60 V field. To determine the length of the products, a 100-bp marker (Gibco BRL, MD, U.S.A.) was used. All RT-PCR reactions were performed twice for each RNA preparation and were run on a single gel each. The ethidium bromide stained gels were evaluated by a video documentation system (Amersham-Pharmacia, Freiburg, Germany). Band i n t e n s i t i e s ( r e l a t i v e ) w e r e a n a l y s e d b y computerized densitometry (arbitrary units) using 
Statistical analyses
The statistical significance of differences in mRNA expression of the examined factors was assessed by ANOVA followed by Fisher's LSD as a multiple comparison test. All experimental data are shown as the mean ± S.E.M. Follicles per class were obtained from at least n=4 cows.
Results
Specificity and validation of RT-PCR data
Initial experiments verified specific RT-PCR transcripts for all examined factors (Fig. 1a and Fig.  3a ) in bovine TI and GC compartments of follicles. Each PCR product showed 100% homology to the known bovine genes after sequencing. To confirm the integrity of the mRNA templates and RT-PCR protocol, the housekeeping gene ubiquitin was examined in all samples. A representative example for the ubiquitin-specific RT-PCR products (189 + 417 bp) is shown in Fig. 1b and Fig. 3b . The relative signal intensities for PCR products specific to all examined factors were assessed after correction based on the ubiquitin PCR signal intensities.
Expression of mRNA for angiotensin system members in follicle classes
A representative example for RT-PCR specific products of ACE, AT1R and AT2R in preovulatory follicles is given in Fig. 1a . Strong signals were detected for ACE and AT1R in TI and weaker signals for AT1R in GC and for AT2R in TI and GC. In contrast, with 38 amplification cycles no signal was detected for ACE in GC (Fig. 1a) . The results of the densitometric analysis of mRNA expression by RT-PCR (ratio of examined factor/ubiquitin mRNA; arbitrary units) for ACE, AT1R and AT2R examined in TI and GC are presented in Fig. 2 . The expression intensity of ACE transcripts in TI significantly increased in follicles with E>20-180 ng/ml FF (Fig. 3a) . In contrast, the GC of all follicle classes examined were negative for ACE mRNA (Fig. 1a and Fig. 2d ). The mRNA expression for AT1R in TI (Fig. 2b ) and in GC (Fig. 2e) was without any regulatory change during final follicular growth. The expression signal for the AT2R in TI (Fig. 2c) increased slightly with the beginning of E production in FF (E>0.5-5 ng/ml FF), and again in follicles with E>180 ng/ml FF, whereas the mRNA level of expression in GC (Fig.  2f ) was similar in all groups.
Expression of mRNA for endothelin system members in follicle classes
A representative example for RT-PCR specific products of ECE-1, ET-1, ETR-A and ETR-B in preovulatory follicles is given in Fig. 3a . Strong signals were detected for ECE-1 in TI and GC and for ETR-B in TI (Fig. 3a) . In contrast, weaker signals were detected for ET-1 in TI, ETR-A in both compartments and for ETR-B in GC. With 38 amplification cycles no signal was detected for ET-1 in GC (Fig. 3a) . The results of the densitometric analysis of mRNA expression by RT-PCR (ratio of examined factor/ubiquitin mRNA; arbitrary units) for ECE-1, ET-1, ETR-A and ETR-B examined in TI and GC are presented in Fig. 4 . The expression intensity of ECE-1 transcripts in TI significantly increased in large follicles (Fig. 4a) . A high level of mRNA expression for ET-1 in TI could be detected already in small follicles (Fig. 4b) followed by a significant decrease during further growth. In contrast, the GC of follicles were negative for ET-1 mRNA expression (Fig. 3a and Fig. 4f ). The mRNA expression for ETR-A and ETR-B in TI did not change during final follicular growth ( Fig. 4c and  4d ). The expression intensity of ECE-1 and ETR-A transcripts in GC significantly increased in large follicles ( Fig. 4e and 4g ). In contrast, the mRNA expression for ETR-B in GC (Fig. 4h) was without any clear regulatory change during final follicular growth.
Discussion
I n t h i s s t u d y w e d e m on s t r a t e d m R N A expression of the components of the angiotensin (ACE, AT1R, and AT2R) and endothelin (ECE-1, ET-1, ETR-A, and ETR-B) systems in bovine follicles during final follicular growth. The mRNA expression of ACE, ECE-1 and ET-1 in bovine follicles confirms the local secretion of the peptides under in vitro and in vivo conditions [6, 20, 26] . By means of a microdialysis system implanted into theca interna, significant effects on local factors such as steroids, PGs or peptides have been demonstrated. Furthermore, a clear interaction between vasoactive peptides was obvious in those studies. These results therefore suggest that the mRNA expression of angiotensin and endothelin receptors is translated to protein and functional receptors.
The present results clearly demonstrated that ACE mRNA expression in TI increases during the final maturation of follicles, whereas GC are not the site of ACE mRNA expression, suggesting that GC are unable to produce Ang II peptide. Recently, evidence was given for ACE activity within bovine FF [27] . The ACE activity was similar to that found in bovine serum and did not differ during estrous cycle phases or stages of follicular development. These findings suggest that the Ang II peptide is converted from Ang I in both the theca layer and FF. In cow ovaries, theca cells have been shown to possess significant number of binding sites for 125 Ilabelled Ang II. Such binding sites are classified as the AT2 receptor and are upregulated by LH [8] via a cAMP-dependent mechanism. Additionally, another study was conducted in bovine ovaries to characterize the localization of Ang II receptors, which showed a high number at estrus than at diestrus [28] . The AT2R dominated in all groups, and autoradiography showed that the majority of antral follicles and follicular cysts had intense AT2R binding in the theca externa but it was less intense in the theca interna, whereas there was no biding in the granulosa layer. These findings are in contrast to our mRNA expression data with comparable expression intensity (30 cycles in both TI and GC compartments). Members of the a ngio tens in s ys tem were generally higher and more constantly expressed in the TI compartment. Particularly, GC did not express ACE mRNA. This is supported by our earlier result that bovine luteinized GC were unable to produce Ang II peptide in the presence of substrate Ang I in culture [29] . This does not necessarily exclude biological effects of Ang II on GC, since both receptors for Ang II are expressed in GC, and Ang II produced in TI can diffuse to the layer of GC.
We demonstrated that both ECE-1 and ET-1 m RN As are ex press ed in T I. A s ignific ant concentration of ET-1 was found in the perfusate from the theca layer by a microdialysis system [20] . T h e po s s ib le c o n c en t r at i o n o f E T -1 i n t h e extracellular fluid in the theca layer can be calculated to be in the range of 2-7 ng/ml and therefore about 100-fold higher than plasma ET-1 concentrations in the cyclic cow [30] . These findings strongly support the concept that TI of the bovine mature follicle is a site of ET-1 production. In contrast, GC did not express mRNA for ET-1. Surprisingly, GC did however express high levels of ECE-1 mRNA. We therefore propose that GC of the bovine mature follicle is capable of converting big-ET-1 to ET-1, but is not the site of prepro-ET-1 synthesis. Furthermore, the mRNA expression of ECE-1 in GC drastically increased in mature follicles, while the extent of this increase in TI was very small. Additionally, the ETR-A in GC is clearly upregulated during final maturation of follicles. The upregulation both in ECE-1 and ETR-A in GC strongly suggest that the endothelin system participates in the final process of follicle maturation. Indeed, Acosta et al. [20] indicated that LH inc reas ed ET-1 s ecretio n and that ET-1 stimulated E production in a microdialysis study of bovine mature follicles in vitro. Also, ET-1 has been shown to activate multiple biochemical pathways within the target cells, including the phospholipase C pathway, the phospholipase D pathway and the arachidonate cascade [31] , which are directly involved in PG production. Another in vitro study by Acosta et al. [6] showed that ET-1 stimulates both PGF2α and PGE2 secretion in bovine mature follicles.
The localization of mature ET-1 peptide and of its mRNA (in situ hybridization) was determined in t h e p o r c i n e o v a r y [ 3 2 ] .
S p e c i f i c E T -1 immunoreactivity was restricted to the ovarian vasculature and to the granulosa cell compartment of antral follicles. The pattern of ET-1 mRNA expression was similar to that found for ET-1 immunoreactivity. The theca cell layer did not express ET-1 regardless of follicle developmental stage. These results are in contrast to cow follicles where ECE-1 and ET-1 genes are expressed in TI. In GC only ECE-1 and ETR-A were upregulated in mature follicles and ET-1 was negative in GC. Obviously cow luteal cells express and secrete ET-1 [33] . Luteinization of GC by the LH surge and upregulation of Ang II around the periovulatory period [26] may be potent stimulators for ET-1 mRNA expression, as indicated by an in vitro study in which Ang II enhanced ET-1 production in preovulatory follicles [6] . Angiogenic factors like bFGF and VEGF may further stimulate Ang II secretion from endothelial cells of the early CL [18] .
In conclusion, it is clear from our results that distinct regulatory changes of mRNA expression fo r s o m e m em be r s o f t he a n gi o t en s in a nd endothelin systems occur in mature follicles. Particularly, a significant increase in the mRNA expression of both ACE and ECE toward the final maturation of follicles suggests the possible modulatory roles of Ang II and ET-1 in supplying the optimal microenvironment of ovulatory follicles.
